The synthesis of non-cellulosic polysaccharides and glycoproteins in the plant cell Golgi apparatus requires UDP-galactose as substrate. The topology of these reactions is not known, although the orientation of a plant galactosyltransferase involved in the biosynthesis of galactomannans in fenugreek is consistent with a requirement for UDPgalactose in the lumen of the Golgi cisternae. Here we provide evidence that sealed, right-
INTRODUCTION
UDP-galactose is a substrate used in the synthesis of non-cellulosic polysaccharides and glycoproteins. The incorporation of galactose into these macromolecules is catalyzed by galactosyltransferases, which are thought to be localized in the Golgi apparatus (1) . A galactosyltransferase from fenugreek involved in the synthesis of galactomannans has been recently cloned (2) . The information derived from the primary sequence of this protein suggests that this enzyme is a membrane bound protein with its catalytic site facing the lumen of the Golgi cisternae. This orientation is similar to galactosyltransferases involved in protein glycosylation of animal cells. Since it is likely that transfer of galactose to noncellulosic polysaccharides and glycoproteins takes place in the lumen of the Golgi apparatus, transport of UDP-galactose should be required to fulfill this process.
UDP-galactose transporters have been described in animal cells, Drosophila and yeast (3) (4) (5) (6) (7) . Studies in MDCK-cells and yeast mutants deficient in transport of UDPgalactose into the Golgi lumen have shown that they play important roles in galactosylation of proteins, proteoglycans and sphingolipids (8) (9) (10) . Complementation of mutants allowed 4 been identified. Here we report, that sealed Golgi vesicles isolated from pea stems transport UDP-galactose and transfer galactose to endogenous acceptors. In addition, we cloned a cDNA from A. thaliana, named AtUTr1 for Arabidopsis thaliana UDP-galactose Transporter 1, that was functionally characterized by complementing a Golgi UDPgalactose transporter mutant, and by expressing it in S. cerevisiae and measuring transport in vitro of nucleotide sugars in Golgi enriched vesicles. The results show that AtUTr1 encodes a nucleotide sugar transporter able to transport both UDP-galactose and UDPglucose, while it does not use other nucleotide sugars tested. Transport of UDP-galactose into plant Golgi vesicles supports a model in which galactosylation of polysaccharides and other acceptors such as lipids occurs in the lumen of the Golgi apparatus, and the AtUTr1 gene product from Arabidopsis could be involved in that process. 6 UDP-galactose uptake assays in pea stems Golgi vesicles: Golgi vesicles were incubated with 1 µM UDP- [ 3 H]galactose in a medium containing 0.25 M sucrose, 10 mM Tris-HCl pH 7.5 and 1 mM MgCl 2 (STM buffer). To stop the reaction, the vesicles were diluted in cold STM buffer and filtered through 0.7 µm glass fiber filters. Subsequently the filters were washed with additional 10 volumes of cold STM buffer, dried, and the radioactivity determined by liquid scintillation counting.
Transport of UDP-galactose in pea stem Golgi Vesicles: Transport of UDP-galactose was measured using a modification of the method described by Perez and Hirschberg (17) .
Golgi vesicles (1 mg of protein) were incubated in STM buffer at 25ºC with 1 µM UDP-
]galactose (sp. activity 788 cpm/pmol). The final volume was 0.4 ml. After 5 min the reaction was stopped by dilution using 4 ml of cold STM-buffer, and the vesicles were immediately separated from the incubation medium by centrifugation at 100,000 x g for 40 min. The vesicles pellet was surface washed and resuspended in 500 µl of water. The sample was brought to 70% ethanol and kept on ice for 30 min. After centrifugation at 10,000 x g for 15 min, the radioactivity associated with the 70% ethanol-insoluble material was determined by liquid scintillation spectrometry (T Ps ). The 70% ethanol-soluble material was dried, resuspended in 100 µl of water and extracted with 100µl of chloroform/methanol transformed with the p426GPD-mycHis and p426GPD-AtUTr1-mycHis plasmids were grown and spheroplast were prepared using Zymolyase100T as described by Berninsone et al. (19) . Cells were then disrupted by pipetting the cells suspension up and down and then centrifuged successively at 450 x g, 10,000 x g and 100,000 x g to obtain pellet fractions P 1 , P 2 and P 3 . The last fraction, P 3 , was enriched in Golgi apparatus-derived vesicles (20) .
Expression in yeast of AtUTr1-mycHis determined by western blot analysis:
The expression of AtUTr1 in microsomal membranes was monitored by western blotting using PDF membranes and a c-myc monoclonal antibody (Santa Cruz Biotechnology).
Nucleotide Sugar Transport Assays in Yeast Golgi-Enriched Vesicles: Transport assays were performed as described by Berninsone et al. (19) . Yeast Golgi-enriched vesicles (1 mg of protein from fraction P3) were incubated at 30ºC in the presence of the radioactive nucleotide sugar to be tested. After 3 min the vesicles were separated from the incubation medium by centrifugation at 100,000 x g for 50 min. The pellet was washed and resuspended in 4% perchloric acid and the total acid-soluble radioactive nucleotide sugars (S t ) were determined. The amount of radioactivity inside the vesicles (S i ), was calculated by subtracting the estimated amount of radioactive nucleotide sugar outside the vesicles (So) from the St. 
RESULTS.

Topology of galactosylation, and transport of UDP-galactose into Golgi vesicles.
To investigate the topology of galactosylation and transport of UDP-galactose into the plant Golgi apparatus we analyzed the uptake of UDP-[ 3 H]galactose into sealed, right-sideout pea stems Golgi vesicles using a filtration assay. Uptake of UDP-[ 3 H]galactose was higher at 25ºC than at 0ºC, and decreased close to background levels when vesicles where heat-inactivated before the assay (Fig. 1 ). These results suggest that a protein-mediated process was involved in the uptake of UDP-galactose. Permeabilization of the vesicles prior to the assay using low concentrations of Triton X-100, did not change significatively the uptake of UDP-[11 lumenal galactosyltransferases. These results suggested that galactosyltransferases are located in the lumen of the Golgi apparatus and UDP-galactose should be transported into Golgi vesicles. The addition of DIDS (4,4´-diisothiocyanatostilbene-2-2´-disulfonic acid), a known inhibitor of nucleotide sugar and anionic transporters (23) , decreased the uptake of UDP-galactose supporting the idea that transport of UDP-galactose takes place in the plant
Golgi apparatus (Fig.1 ).
To provide additional evidence that pea stems Golgi vesicles are able to transport UDP-galactose we used the method described by Perez and Hirschberg (17) Table 1) .
Identification of a putative UDP-galactose transporter gene in Arabidopsis thaliana
The results shown above, suggest that UDP-galactose transporters are present in the plant Golgi apparatus. Thus, to identify plant genes encoding for a putative UDP-galactose transporter we searched the A. thaliana database, for sequences similar to UDP-galactose transporter genes already described in animal cells and yeast (3, 4, 24) . When we begun this work the Arabidopsis genome was not completely sequenced, and at that time, by using the TBLASTN algorithm we identified a gene (currently annotated as At2g02810) that showed high sequence similarity (54% similarity at the protein level) to the human UDP-galactose
Transporter related l gene (hUGTrel1) (24) . Later on, when the Arabidopsis genome was completely sequenced, we found other sequences (shown below) that have similarity to UDP-galactose transporters genes, however, the first gene identified remained as the most similar to hUGTrel1. We named this gene AtUTr1 for Arabidopsis thaliana UDP-galactose Transporter 1 (Fig. 3A) . The predicted protein has an estimated molecular weight of 36,942
daltons, and hydropathy analyses predict 8 putative transmembrane domains. Interestingly, comparison of the hydrophobicity plots of the AtUTr1 and hUGTrel1 proteins showed that they are highly similar ( Figure 3B ).
To confirm that AtUTr1 is indeed expressed in Arabidopsis we performed Northern analysis using total RNA and poly A+ RNA obtained from 2 weeks-old seedlings. A single band of 1.58 kb was detected in all cases (Fig.4 ).
AtUTr1 complements a MDCK mutant cell line deficient in UDP-galactose transport into the Golgi.
To test the ability of AtUTr1 to transport UDP-gal, we cloned AtUTr1 in the pcDNA3-myc mammalian expression vector and then we stably transfected it in the mutant cell line MDCK-RCA r . The primary defect observed in this mutant is an impairment in transport of UDP-galactose into the Golgi apparatus, which results in reduced availability of UDP-galactose for the lumenal galactosyltransferases. This mutant cell line tolerates 10 times higher concentrations of the lectin ricin (RCA) than do wild type cells (8, 21) . Ricin has a cytotoxic effect that depends on the binding to galactosyl residues and the ricinresistance phenotype of the mutant correlates with a pleitropic deficiency in galactosylation AtUTr1 encodes a protein that transports UDP-galactose and UDP-glucose.
To confirm that AtUTr1 encodes for a nucleotide sugar transporter, and also to study the specificity of the transporter, we expressed a mycHis epitope tagged version of the protein in the yeast S. cerevisiae, an organism that has been used for the heterologous expression and functional analysis of other nucleotide sugar transporters genes such as the CMP-sialic acid and UDP-galactose transporters (12, 25) . Western blot analysis using antibodies against the myc epitope showed that the microsomal fraction obtained from yeast transformed with an expression vector containing AtUTr1-mycHis expressed a protein of 30 kDa (Fig.6 ). This molecular weight was lower than the expected molecular mass predicted from the primary sequence of the protein plus the mycHis epitope (41 kDa).
However, a difference between the predicted molecular mass and the apparent one was also found in other cases of heterologous expression of nucleotide sugar transporters in yeast (25) .
To determine the substrate specificity of AtUTr1-mycHis using an independent approach, we expressed AtUTr1-mycHis in S. cerevisiae and obtained Golgi vesicle enriched-fractions from yeast expressing AtUTr1-mycHis and from cells transformed with the empty vector. The latency of GDPase activity in both of these vesicles preparations (26) was above 85% indicating that vesicles were right-side-out and sealed. Transport of UDPgalactose was significantly higher into Golgi vesicles isolated from yeast expressing AtUTr1-mycHis than in vesicles isolated from yeast transformed with the vector alone (Fig.7) . In contrast, transport of CMP-sialic acid, GDP-mannose, GDP-fucose, UDPglucuronic acid, and UDP-xylose was not significantly different in vesicles obtained from the yeast expressing AtUTr1-mycHis, and the control. We also found that expression of AtUTr1-mycHis significantly increased transport of UDP-glucose into the vesicles, indicating that AtUtr1 is also able to transport UDP-glucose. No UDP-glucose epimerase activity was detected in the yeast Golgi vesicles expressing AtUTr1 (not shown), ruling out the possibility that UDP-glucose transport activity resulted from UDP-galactose formation.
The increase in the transport of UDP-galactose and UDP-glucose by vesicles isolated from yeast expressing AtUTr1 was 4 fold and 2.3 fold over the control respectively. However, when the absolute values (fmol/mg/3 min) transported into the vesicles were compared, the amount of UDP-glucose was higher than the amount of UDP-galactose. This result suggest that AtUTr1 prefers UDP-glucose as substrate, however, the presence in yeast Golgi vesicles of an endogenous mechanism involved in transport of UDP-glucose, and not UDPgalactose (19, 27) , may contribute to obtain a higher increment in transport of UDP-glucose when AtUTr1 is expressed in yeast. This would not allow us to establish a direct comparison of the net amount of UDP-galactose and UDP-glucose transported by AtUTr1.
Then, these results indicate that AtUTr1 encodes a nucleotide sugar transporter that uses both UDP-galactose and UDP-glucose as substrates. with nucleoside monophosphate (30) . Since UDP-glucose is endogenously transported (19, 27) , it is likely that UMP formed in the vesicles from UDP-glucose, may stimulate the transport of UDP-glucose by AtUTr1. On the other hand, under normal conditions UDPgalactose is not transported, then it is unlikely that UMP may be formed. Therefore, despites the ability of AtUTr1 to transport UDP-galactose, the lack of UMP, may affect the efficiency of AtUTr1 to transport UDP-galactose in yeast Golgi vesicles. In summary, our results confirm that AtUTr1 is a nucleotide sugar transporter that uses both UDP-galactose and UDP-glucose as substrates indicating that is a nucleotide sugar transporter with a dual specificity.
Recently, Kainuma et al (5) showed that HUT1, a gene from S. cerevisiae, homologous to AtUTr1 and hUGTrel1, is able to transport UDP-galactose but not UDP- However, the level of aminoacid identity is not an indicator of their substrate specificity (33); therefore functional expression of these genes will be necessary to test whether they encode for UDP-galactose transporters or they have other specificities.
The physiological relevance of nucleotide sugar transport into the Golgi has been demonstrated in yeast, nematodes, protozoa, Drosophila, mammalian cell lines and humans.
In each of these organisms, impairment of nucleotide sugar transport into the Golgi apparatus results in a deficiency of the corresponding sugar in glycoconjugates which can in turn produce dramatic phenotypes (3, 32, (34) (35) (36) (37) . In plants, the transport of UDPgalactose into the Golgi apparatus is likely to be a critical step to ensure the proper synthesis of galactose-containing polysaccharides such as xyloglucan, galactomannans, rhamnogalacturonans, as well as glycoproteins. Thus, impairment of a transporter such as Proteins were detected by western blot using an anti-myc monoclonal antibody. 
